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Abstract 

The prevailing arid Late Triassic climate was interrupted by a humid Carnian Pluvial 

Episode (CPE) during the mid-Carnian period. In this study, a palynological study was 

conducted for the Ma’antang Formation (Carnian) from the northwestern Sichuan Basin, 

SW China, in the eastern Tethys. The study reveals dominance of terrestrial 

palynomorphs, and two palynological assemblage zones were identified. Palynofloras are 

well-presented by dominant ferns (especially Dipteridaceae/Matoniaceae), with less 

abundant lycopsids, conifers, cycadophytes/ginkgophytes and seed ferns. Overwhelming 

predominance of wet Lowland SEG and hygrophyte elements, and increased 

Lowland/Hinterland as well as hygrophyte/xerophyte ratios observed in Units 2-4 of the 

Ma’antang Formation, suggesting intensified humidity during the Julian 2 in this area. 
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This study presents the first palynological evidence for vegetation changes in South 

China during the CPE, and correlates well with observations from North China as well as 

western Tethys, thus further supports worldwide impact of humid climate associated with 

the CPE. 

 

Keywords: Carnian Pluvial Episode; eastern Tethys; humid climate; palynology 

 

1. Introduction 

The Late Triassic Carnian Stage witnessed major global climatic changes and biotic 

turnover during the late Early to Late Carnian (Julian 2‒Tuvalian), known as the 

“Carnian Pluvial Episode/Event” (CPE) (Simms and Ruffell, 1989; Roghi et al., 2010; 

Zhang et al., 2015; Miller et al., 2017; Dal Corso et al., 2018). The CPE is characterized 

by increased rainfall, humid and warmer climate (Simms and Ruffell, 1989; Hornung et 

al., 2007; Preto et al., 2010; Ruffell et al., 2016), carbon cycle perturbations (Hornung et 

al., 2007; Dal Corso et al., 2012, 2015, 2018; Sun et al., 2016; Miller et al., 2017; Li et al., 

2021), demise of carbonate platforms and enhanced terrigenous clastic input (Rigo et al., 

2007; Hornung et al., 2007; Stefani et al., 2010; Gattolin et al., 2015; Shi et al., 2017, 

2019; Jin et al., 2018). This episode is also accompanied by high biotic extinction rates 

(including ammonites, bryozoa, conodonts, and crinoids) as well as diversifications (e.g. 

dinosaurs, scleractinian reefs, calcareous nanoplanktons, lepidosaurs, conifers) (Simms 

and Ruffell, 1989; Furin et al., 2006; Bernardi et al., 2018; Dal Corso et al., 2020). 

Negative carbon isotope excursions and increased mercury concentration (Dal Corso et 

al., 2012; Li et al., 2020; Lu et al., 2021; Mazaheri-Johari et al., 2021), along with other 
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geochemical proxies (Furin et al., 2006; Miller et al., 2017) suggest that the Wrangellia 

large igneous province (LIP) volcanism in the northeastern Pacific likely triggered the 

CPE, with massive release of volcanic CO2 causing global warming, enhanced 

hydrological cycle and marine acidification. 

Although persuasiveness of the evidence for this humid climate period and its global 

extent of the CPE has been debated (Visscher et al., 1994; Franz et al., 2019), a series of 

sedimentological studies from Europe (e.g. Kozur and Bachmann, 2010; Rostási et al., 

2011; Arche and López-Gómez, 2014), North America (Prochnow et al., 2006) and Asia 

(Nakada et al., 2014; Sun et al., 2016) suggest global wetter conditions during the CPE 

(Ruffell et al., 2016). Palynological studies show increased abundance of hygrophyte 

plants through the CPE from the Boreal realm (Mueller et al., 2016a), northeastern 

margin of Tethys (Mazaheri-Johari et al., 2022) and western Tethys (e.g. Roghi, 2004; 

Roghi et al. 2010; Mueller et al., 2016b; Baranyi et al., 2019a; Fijałkowska-Mader et al., 

2021). These findings suggest a widespread CPE humid climatic conditions, however, 

some palynological records did not show significant humidity signals, e.g. UK (Baranyi 

et al., 2019b) and Danish Basin (Lindström et al., 2017). 

In East Asia, an increase of hygrophytic spores and carbon isotope excursions were 

recently reported from the Jiyuan Basin of North China during the CPE, indicating 

intensified humidity (Lu et al., 2021). Increased fern spores were also identified in the 

Junggar Basin, North China, likely records a regional response to the CPE (Peng et al., 

2022). In South China, the Carnian negative carbon isotope excursions have been 

recognized in the Guizhou (Sun et al., 2016), Sichuan (Shi et al., 2019) and Hubei (Li et 

al., 2021) provinces, however palynological records of the CPE still remains poorly 
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documented. 

In order to trace terrestrial response of the CPE in South China, here we present 

quantitative palynological data from the northwestern Sichuan Basin, SW China, and 

interpret the vegetation and palaeoclimatic condition in this special time interval of the 

Late Triassic. 

 

2. Geological Setting and stratigraphy 

The Sichuan Basin was located in the northwestern margin of the South China block, 

at the eastern Tethys, during the Triassic (Fig. 1A). In the Sichuan Basin, the late 

Proterozoic-Middle Triassic marine carbonate platforms are widely developed, while the 

Late Triassic and younger strata are mainly terrestrial origin (Wang et al., 2010). 

Collision between North China and South China plates at the late Middle Triassic caused 

extensive erosion of the Middle Triassic dolomites, and unconformity between the 

Middle and Upper Triassic sequences in the Sichuan Basin (Li et al., 2011). This 

collision also turned this area from a passive continental margin into the western Sichuan 

foreland Basin (Li et al., 2011).  

Within the Sichuan Basin, the Upper Triassic (Carnian) Ma’antang Formation is 

only developed along the northwestern margin. This is owing to a semi-enclosed Western 

Sichuan Bay connected with the Palaeotethys Ocean, whereas most of South China was 

exposed (Deng et al., 1982; Wu, 1984). The Ma’antang Formation consists mainly of 

oolitic, bioclastic and sponge-mound limestone in the lower part, while the upper part is 

mainly composed of dark shale interbedded with grey siltstone and few limestone beds, 

with a coarsening upward trend (Shi et al., 2017, 2019). Conodonts and ammonites found 
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in the Ma’antang Formation constrain its age as Carnian (Shi et al., 2017, 2019; Jiang et 

al., 2019). Recent ammonite biostratigraphy and detrital zircon U/Pb studies suggest that, 

the Ma’antang Formation may also include Norian sediments in the upper part at some 

sections (Jin et al., 2019; Mietto et al., 2021). 

At the Ma'antang section (type section of the Ma’antang Formation), about 70 km 

northeastward from Jiangyou City, northwestern Sichuan Basin (Fig. 1B-C), the 

Ma'antang Formation unconformably overlays the Middle Triassic Tianjingshan 

Formation, and in turn is conformably overlain by the Upper Triassic Xiaotangzi 

Formation (Norian) (Wu, 1989; Fig. 2). In this section, the Ma'antang Formation is about 

200 m thick, and was divided into five lithological units by Shi et al. (2019). The Units 

1-3 consists mainly of bioclastic limestone interbedded with silty mudstone, whereas the 

Units 4-5 are mainly muddy siltstone, silty mudstone, sandstone and bioclastic limestone 

(Fig. 2; Shi et al., 2019). Ammonite and conodont fossils imply that Units 2-4 and Unit 5 

are Julian 2 and Tuvalian in age, respectively (Shi et al., 2019; Fig. 2). Negative carbon 

isotope excursion observed in upper Unit 1 to Unit 4, accompanied by input of 

terrigenous sediments (shale and siltstone), were suggested as records of the CPE event in 

this area (Shi et al., 2019; Jin et al., 2020). 

Lu and Wang (1980) firstly identified the Corollisporites-Micrhystridium 

palynological assemblage from the Ma’antang Formation at the Ma’antang Section, and 

roughly suggested it as Carnian in age (Lu and Wang, 1987). However, owing to lack of 

detailed sample horizons and quantitative data, the CPE-related palynological response 

and palaeovegetation as well as palaeoclimate conditions still remain poorly known. 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



3. Material and Methods 

A total of 23 palynological samples were collected from siltstones and shales within 

the Ma'antang Formation at the Ma'antang section, Jiangyou City (Fig. 2). Palynological 

samples were crushed and treated with HCl (30%) and HF (38%) to remove the carbonate 

and silicate minerals. After washing and sieving (10 μm mesh), residues were mounted 

onto slides using glycerin jelly and sealed with paraffin wax. Palynological treatment was 

performed at the Nanjing Institute of Geology and Palaeontology, Chinese Academy of 

Sciences (NIGPAS). All samples and slides are housed at NIGPAS. 

Spore and pollen identification was based on Song et al. (2000), which summarized 

all published Mesozoic spore and pollen taxa of China, and acritarchs were identified 

referring to Van Soelen and Kürschner (2018). More than 200 terrestrial palynomorphs, 

where possible, were counted for each sample (Table S1) with a Leica DM 1000 

microscope, and photographed using a SC1200 microscope imaging system. Aquatic 

palynomorphs (including acritarch and foraminiferal test lining) were excluded in the 

quantitative palynological analysis. Relative spore and pollen abundances were calculated 

and plotted using the Tilia/TiliaGraph computer program (Grimm, 2004). Palynological 

assemblages were identified by stratigraphically constrained cluster analysis (CONISS) 

within the Tilia (Grimm, 2004). 

The palaeovegetation interpretations were carried out based on known or probable 

major botanical affinities of dispersed spores and pollen (Van Konijnenburg-Van Cittert, 

1971, 1993; Litwin, 1985, Balme, 1995; Wang and Zhang, 2010; Mander et al., 2012; 

Bonis and Kürschner, 2012; Wang et al., 2015; Lindström, 2016; Baranyi et al., 2019b; 

Li et al., 2018, 2020; Nowak et al., 2022) (Table 1). The classification of spores and 
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pollen taxa as hygrophyte, intermediate and xerophyte groups follows the concept of 

Visscher and Van der Zwan (1981), based on morphological group of spores and pollen 

(Table 1). The Sporomorph Ecogroup Model (SEG) method, which link dispersed spores 

and pollen with plant communities labelled as ecogroups (Abbink et al., 2004), was 

applied for the palaeoecological interpretation. Several published studies have supplied 

more detailed information on possible ecological preferences of Mesozoic plants and 

palynological taxa, and were referred here to assign spores and pollen into SEG groups 

(e.g. Van Konijnenburg-Van Cittert, 2002; Kustatscher et al., 2012; Baranyi et al., 2019b; 

Li et al., 2020) (Table 1). 

 

4. Result 

4.1 Palynology 

Fourteen out of 23 processed samples from the Ma’antang Formation at the 

Ma’antang section are productive (Fig. 2), and contain diverse and well-preserved 

palynomorphs. A total of 85 terrestrial spore and pollen taxa and five aquatic acritarch 

taxa were identified. The representative palynomorphs are illustrated in Plates I-III. All 

identified taxa and original count data are listed in Table S1. 

The palynomorph assemblages of Ma’antang Formation in the studied section are 

dominated by terrestrial spores and pollen for most samples (Fig. 2). Amongst, trilete 

spores are the most abundant group (68‒96%), bisaccate pollen (1‒27%), monosulcate 

pollen (1‒4%) and monolete spores (0‒2%) occupy minor proportions. Two 

palynological assemblages were distinguished by cluster analysis (CONISS) (Fig. 2). 

4.1.1 Palynological Assemblage A 
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The Assemblage A occurs in the Units 1‒2 of the Ma’antang Formation (samples 

MAT-1 to MAT-4), and is characterized by co-dominance of Kyrtomisporis (K. 

coronaries, K. laevigatus, K. speciosus) (11‒45%), Dictyophyllidites (D. charicis, D. 

harrisii, D. mortoni, D. intercrassus) (10‒41%) and Concavisporites (C. toralis, C. 

bohemiensis, C. kermanense) (4‒23%) (Fig. 2; Table S1). Common trilete spores include 

Granulatisporites, Uvaesporites, Canalizonospora, Asseretospora and Kraeuselisporites 

(Fig. 2; Table S1). Other trilete spores occurring in lower abundances (<3%) include 

Deltoidospora, Cyathidites, Punctatisporites, Calamospora, Cyclogranisporites pressus, 

Osmundacidites, Conbaculatisporites, Lycopodiacidites, Habrozonosporites and 

Annulispora (Fig. 2; Table S1). Other spore and pollen groups constitute minor 

proportions in the palynological assemblages, such as alete bisaccate pollen (2‒19%) 

(Caytonipollenites, Alisporites, Pinuspollenites, Cedripites, Quadraeculina, 

Podocarpidites, Granosaccus, Verrusaccus), striate bisaccate pollen (<5%) 

(Taeniaesporites, Lueckisporites, Protohaploxypinus), monosulcate pollen (2‒4%) 

(Cycadopites, Chasmatosporites, Monosulcites), monolete spores (<1%) (Aratrisporites, 

Laevigatosporites) and alete pollen (<2%) (Araucariacites) (Table S1). Cerebropollenites, 

Ricciisporites tuberculatus and Ovalipollis ovalis show sporadic occurrences (Table S1). 

Aquatic palynomorphs have low numbers (4‒25%), except for the lowermost 

sample (95%) (Fig. 2), mainly represented by marine acritarchs Micrhystridium and 

Veryhachium, with a few Granoreticella and foraminiferal test linings distinguished 

(Table S1). 

The above palynological composition in the Units 1‒2 of the Ma’antang Formation 

is consistent with those reported by Lu and Wang (1980), revealing a Kyrtomisporis (we 
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regard Corollisporites in Lu and Wang (1980) as Kyrtomisporis in this study)-

Dictyophyllidites-Micrhystridium palynological assemblage during the early Julian 2 in 

the Sichuan Basin. 

4.1.2 Palynological Assemblage B 

The Assemblage B in the Units 4‒5 of the Ma’antang Formation (samples MAT-11 

to MAT-23) is characterized by significant dominance of Granulatisporites (G. 

granulatus, G. parvus) (16‒48%), decrease of Kyrtomisporis (<2%), common occurrence 

of Dictyophyllidites (D. charicis, D. harrisii, D. mortoni, D. intercrassus) (2‒22%), 

Lunzisporites (L. lunzensis, L. delicatulus) (5‒19%) and Concavisporites (C. toralis, C. 

bohemiensis, C. kermanense) (5‒16%) (Fig. 2; Table S1). Less common trilete spores 

mainly include Cyathidites, Deltoidospora, Punctatisporites, Calamospora, 

Cyclogranisporites, Osmundacidites, Angiopteridaspora, Planisporites, Baculatisporites 

and Conbaculatisporites (Fig. 2; Table S1). Monolete spores (Laevigatosporites, 

Marattisporites, Aratrisporites) are rare (<2%) (Table S1). Gymnosperm pollen are much 

less abundant (5‒32%), and represented by bisaccate pollen (3‒27%) (Taeniaesporites, 

Lueckisporites, Protohaploxypinus, Caytonipollenites, Alisporites, Pinuspollenites, 

Paleoconiferus, Podocarpidites) and monosulcate pollen (1‒4%) (Chasmatosporites, 

Cycadopites, Monosulcites).  

Trilete spores decrease from the Unit 4 (82‒96%) towards the Unit 5 (68%), while 

bisaccate pollen increase from 3‒11% within the Unit 4 to 27% in the Unit 5 (Table S1).  

Aquatic palynomorphs including marine acritarchs Micrhystridium, Veryhachium, 

Baltisphaeridium, Leiopsophosphaera, Granoreticella and foraminiferal test linings 

(Table S1). 
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The present Ma’antang palynofloras resemble the AZ-II of the Jiyuan Basin (Lu et 

al., 2021) and the Palynoflora C from the Junggar Basin (Peng et al., 2022) in dominance 

of fern spores, shared taxa include Dictyophyllidites, Osmundacidites, Cyclogranisporites, 

Baculatisporites, Kraeuselisporites, Laevigatosporites, Calamospora, Chasmatosporites 

and Cycadopites. The Ma’antang palynoflora have even higher abundance and diversity 

of fern spores than the other two assemblages from the Jiyuan and Junggar basins in 

North China. Dominant spores in the lower Ma’antang palynoflora (Assemblage A) 

mainly include laevis azonotrilete (Dictyophyllidites, Concavisporites) and zonotrilete 

(Kyrtomisporis) types. Both the upper Ma’antang palynoflora (Assemblage B) and coeval 

palynofloras in North China mainly consist of apiculate and laevis azonotrilete spores, 

but they were represented by different dominant taxa. The former mainly includes 

Granulatisporites, Lunzisporites, Dictyophyllidites and Concavisporites, whereas the 

latter mainly includes Osmundacidites, Cyclogranisporites, Apiculatisporis, 

Punctatisporites, Todisporites and Leiotriletes (Lu et al., 2021; Peng et al., 2022). This 

may reflect difference between two separate Late Triassic floristic provinces, the 

Ma’antang belonged to the South China Floristic Region, while the Jiyuan and Junggar 

were parts of the North China Floristic Region (Sun, 1995).  

 

4.2 Palaeovegetation profile 

Based on the botanical affinity of the dispersed spores and pollen recovered from the 

Ma’antang Formation (Table 1), Carnian vegetation profile of the Ma’antang region was 

reconstructed. The vegetation can be described as a lowland mire forest. Ferns are 

predominant type throughout the section (66-91%), and represented by 
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Dipteridaceae/Matoniaceae (15-83%), also with less abundant Osmundaceae and 

Marattiales, and a few Pteridaceae (Fig. 3). Lycopsids are abundant in the Unit 2 (early 

Julian 2) (6-16%) and decrease in younger strata (1-4%)  (Fig. 3). Ferns, lycopsids 

together with a few mosses and horsetails, making up the ground cover vegetation. Mid-

canopy seed ferns and upper canopy conifers trees account for relatively low percentages 

in the Units 2‒4 (1‒8%), but have higher abundance in the uppermost Unit 1 and Unit 5 

(11‒18%) (Fig. 3). Mid-canopy cycadophytes/ginkgophytes trees are less abundant (1‒

4%) in this flora (Fig. 3).  

 

4.3 Palaeoclimatic interpretation 

In the present study, four terrestrial SEGs were distinguished: wet and dry Lowland 

SEG, River SEG, and Hinterland SEG (Table 1; Fig. 4). The wet Lowland SEG 

represents plant communities growing in marshes and swamps, the dry Lowland SEG 

reflects floodplain vegetation occasionally submerged, the River SEG refers to riverbank 

communities (Abbink et al., 2004), and the hinterland SEG reflects plant communities on 

well-drained terrains above groundwater table (Kustatscher et al., 2012). The application 

of the SEG method reveals a highly dominance of wet Lowland SEG (68-91%) and less 

abundant River SEG (5-17%), the dry Lowland and Hinterland SEGs are minor 

constituents (Fig. 4). This implies a generally humid lowland marsh ecosystem in the 

western Sichuan Basin during the Carnian period. Higher abundances of Lowland SEG 

and lower percentages of Hinterland SEG in the Units 2‒4 result in peaks in the 

Lowland/Hinterland ratio (Fig. 4), suggesting intensification of humidity during the 

Julian 2.  
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Hygrophyte-xerophyte analysis shows a marked predominance of sporopollen 

attributed to hygrophyte group (ferns, horsetails, lycopsids, mosses and seed ferns) (80-

98%), xerophyte (conifers) (1-16%) and intermediate (cycadophytes/ginkgophytes, 

Araucariaceae and Taxodiaceae) (1-6%) elements are much less common (Fig. 4). 

Hygrophyte/xerophyte ratio shows similar curve with the Lowland/Hinterland ratio, 

higher hygrophyte/xerophyte ratios and absolute predominance of hygrophyte elements 

(>90%) in the Units 2‒4 (Fig. 4) suggest extremely humid climate during the mid-

Carnian (Julian 2) in the western Sichuan Basin. 

 

5. Discussion 

Multiple negative carbon isotope excursions (NCIEs) have been globally recognized 

during the CPE, from marine, paralic and terrestrial successions (Sun et al., 2016; Miller 

et al., 2017; Dal Corso et al., 2018; Baranyi et al., 2019b; Li et al., 2021; Lu et al., 2021; 

Tomimatsu et al., 2021). Biostratigraphy and carbon-isotope correlation implies that 

NCIEs punctuate the entire CPE (Dal Corso et al., 2018). Amongst, the NCIE-1 at the 

Julian 1-Julian 2 boundary marks the onset of the CPE, and the NCIE-3 occurs at the 

Julian‒Tuvalian boundary (Dal Corso et al., 2015, 2018, 2020; Sun et al., 2016; Shi et al., 

2019). A long-lasting negative organic CIE was identified in the Ma’antang Formation at 

Ma’antang Section (Shi et al., 2019), and is similar to the one recorded at the 

Nanpanjiang Basin in South China, but where the carbonate carbon-isotope data seems to 

record three negative CIEs (Sun et al., 2016) (Fig. 5). Combined with ammonite-

conodont biostratigraphy as well as carbonate carbon-isotope curve, the lower part of 

prolonged negative CIE in South China was correlated with the NCIE-1~3 of western 
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Tethys during the Julian 2 (Dal Corso et al., 2018; Shi et al., 2019) (Fig. 5). Major 

organic CIEs identified from the Jiyuan Basin, North China were well-correlated with 

western Tethys NCIE records (Lu et al., 2021; Fig. 5).  

The observed predominance of ferns and increased hygrophyte/xerophyte ratios 

within the broad negative CIE during the Julian 2 at Ma’antang Section, show a close 

resemblance to those observed in coeval sediments at North China and elsewhere in 

eastern and western Tethys regions. An intensification of humidity was recorded in the 

Jiyuan Basin of North China, as suggested by co-dominance of freshwater algae and fern 

spores, and increased hygrophyte/xerophyte ratios, within the negative CIEs interval 

during the Julian 2 to early Tuvalian (Lu et al., 2021; Fig. 5). In the Junggar Basin of 

northwestern China, a shift from a conifer-dominated forest community to a fern-

dominated community was recorded in the Huangshanjie Formation, and is interpreted as 

signal of increased humidity associated with the CPE (Peng et al., 2022). In the 

Aghdarband Basin of NE Iran, remarkable dominance of hygrophytic sporomorphs and 

coal layers were reported from the lowermost Miankuhi Formation, indicating relative 

humid palaeoclimate during the Julian 2 (Mazaheri-Johari et al., 2022). 

Several palynological studies have been carried out for the CPE deposits in western 

Tethys. In the Transdanubian Range of western Hungary, elevated hygrophyte/xerophyte 

ratios and kaolinite contents were documented within the NCIE-1~NCIE-3 interval, 

indicating intensive terrestrial runoff and increased humidity during the Julian 2 (Dal 

Corso et al., 2018; Baranyi et al., 2019a) (Fig. 5). A humid climate condition was 

recorded in northeastern Italy by abundance of fern and lycopsid spores during the late 

Julian to the early Tuvalian (Roghi, 2004). Increases of hygrophyte sporomorphs 
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(including ferns, clubmoss, horsetails and cycads) and hygrophyte/xerophyte ratio were 

also revealed in the Julian 2 of Austria, indicating wetter climatic condition and 

widespread intensification of the hydrological cycle (Roghi et al., 2010; Mueller et al., 

2016b) (Fig. 5). In Poland, the CPE is marked by a clear shift from xerophyte dominated 

microflora in the Garbfeld Formation to hygrophyte dominated one (horsetails, lycopsids 

and bennettitales) in the Stuttgart Formation, accompanied by palaeosol change from 

aridisols to poorly drained hydric soils, implying wetter climate (Fijałkowska-Mader et 

al., 2021). The missing humid CPE signal in the Danish Basin and the Wessex Basin, UK, 

may owe to too dry local condition in the inner inland or overrepresentation of xerophyte 

hinterland plants (Lindström et al., 2017; Baranyi et al., 2019b). 

In the boreal realm, dominance of spores and occurrence of coal beds characterize 

the De Geerdalen Formation (late Julian) of Spitsbergen, Norway, suggesting a humid 

setting (Hounslow et al., 2007; Mueller et al., 2016a). 

Carnian macroflora in South China are well-represented by the Daqiaodi flora in 

Sichuan-Yunnan area and Jiuligang flora in Hubei, and mainly include sphenophytes and 

ferns, and also common seed ferns and cycads/bennettitaleans (Zhou and Zhou, 1983; 

Kustatscher et al., 2018). The Lunz flora in Austria (Julian-2), a representative Carnian 

macrofloras in Europe, is characterized by abundance of ferns and cycads/bennettitaleans, 

less common occurrence of sphenophytes, and rare ginkgophytes and conifers, reflecting 

generally humid swampy fluvial to deltaic environments (Dobruskina, 1998; Pott et al., 

2008; Mueller et al., 2016b; Kustatscher et al., 2018).  

These widely reported palynological and macrofloral records suggest a global nature 

of the CPE. The coincidence of Hg concentration peaks, negative CIEs and warming 
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support LIP (probably Wrangellia) volcanism as trigger for the CPE (Sun et al., 2016; Lu 

et al., 2021; Mazaheri-Johari et al., 2021). LIP volcanism injected large volumes of 13C-

depleted CO2 into atmosphere-ocean system, resulting in perturbations of the carbon 

cycle represented by CIE, warming climate, intensified hydrological cycle, increased 

precipitation and a consequent enhanced continental runoff during the CPE (Mueller et 

al., 2016a; Sun et al., 2016; Dal Corso et al., 2012, 2018, 2020; Lu et al., 2021). 

 

6. Conclusions 

This study records a CPE-related palynological signal in the eastern Tethyan 

succession of the western Sichuan Basin, South China. Terrigenous clastics in the 

Ma’antang Formation at Ma’antang Section yield diverse and well-preserved 

sporomorphs, and the palynoflora is predominated by fern (represented by 

Dipteridaceae/Matoniaceae). Dominance of wet Lowland SEG and hygrophyte elements 

through the section suggest a general humid lowland ecosystem in the western Sichuan 

Basin during the Carnian. Overwhelming predominance of wet Lowland SEG and 

hygrophyte elements, and increased hygrophyte/xerophyte ratios in the Units 2‒4 reveal 

an extremely humid setting during the Julian 2 in the Sichuan Basin. The present study 

provides the first terrestrial palynological evidence of the CPE in South China. 

Correlation of palynological and carbon isotope data between eastern and western Tethys 

further supports a global nature of the CPE. 
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Legends of figures, table and supplementary table 

 

Figures 

Fig. 1 Location of the Ma’antang section at northwestern Sichuan Basin and geological 

map of the study area. A) Palaeogeographic map of the Carnian (Late Triassic) indicating 

the study area (modified from Scotese, 2014); B) Geographic range of the Sichuan Basin 

showing the study area; C) Geological map of the Ma’antang section and adjacent area. 

 

Fig. 2 Lithological column and relative abundance of spore and pollen genera of the 

Upper Triassic Ma’antang Formation, at the Ma’antang section. The lithology, geological 

age frame follows Shi et al. (2019). 

 

Fig. 3 Palaeovegetation composition of the Ma’antang Formation at the Ma’antang 

section. 

 

Fig. 4 Relative abundance of sporomorphs ecogroups, and hygrophyte-xerophyte 

sporopollen of the Ma’antang Formation at the Ma’antang section. 

 

Fig. 5 Correlation of the carbon-isotope records and palaeoclimate proxies between 

eastern and western Tethys during the Carnian Pluvial Episode (CPE). H/X ratio: 

hygrophyte/xerophyte ratio. 
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Plate I. Representative azonotrilete spores of the Ma’antang Formation at Ma’antang 

section. 1) Sphagnumsporites perforatus (Leschik) Liu 1986, MAT-16; 2-3) 

Dictyophyllidites charicis Zhang 1984, 2. MAT-2, 3. MAT-23; 4. Dictyophyllidites 

intercrassus Ouyang et Li 1980, MAT-11; 5-6) Dictyophyllidites harrisii Couper 1958, 5. 

MAT-2, 6. MAT-15; 7-8) Dictyophyllidites mortoni (De Jersey) Playford et Dettmann 

1965, MAT-2; 9-10) Concavisporites bohemiensis Thiergart 1953, 9. MAT-12, 10. 

MAT-13; 11-13) Concavisporites toralis (Leschik 1955) Nilsson 1958, 11, 13. MAT-2, 

13. MAT-3; 14-15) Granulatisporites parvus (Ibrahim) Potonié et Kremp 1955, 14. 

MAT-13, 15. MAT-11; 16-17) Granulatisporites granulatus Ibrahim 1933, 16. MAT-3, 

17. MAT-19; 18-19) Lunzisporites delicatulus Shang 1981, 18. MAT-14, 19. MAT-11; 

20) Osmundacidites parvus De Jersey 1962, MAT-17; 21-22) Lunzisporites lunzensis 

Bharadwaj et Singh 1964, 21. MAT-18, 22. MAT-17; 23) Angiopteridaspora denticulata 

Chang 1965, MAT-17; 24) Conbaculatisporites pauculus Bai et Lu 1983, MAT-18; 25) 

Baculatisporites comaumensis (Cookson) Potonié 1956, MAT-16; 26) 

Conbaculatisporites mesozoicus Klaus 1960, MAT-17; 27-28) Uvaesporites minisculus Lu 

et Wang 1980, 27. MAT-2, 28. MAT-3; 29) Lycopodiacidites minus Lu et Wang 1980, 

MAT-14. Scale bar is 20 μm. 

 

Plate II. Representative zonotrilete and monolete spores of the Ma’antang Formation at 

Ma’antang section. 1-4) Kyrtomisporis laevigatus Mädler 1964, 1-2. MAT-3, 3-4. MAT-

4; 5-8) Kyrtomisporis coronarius (Chang) Li et Shang 1980, MAT-4; 9) Kyrtomisporis 

speciosus Mädler 1964, MAT-4; 10) Asseretospora gyrata (Playford et Dettmann) 

Schuurman 1977, MAT-2; 11) Annulispora folliculosa (Rogalska) De Jersey 1959, MAT-
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2; 12) Polycingulatisporites tenuis Shang et Li 1991, MAT-4; 13) Canalizonospora 

canaliculata Li 1974, MAT-2; 14) Camarozonosporites rudis (Leschik) Klaus 1960, 

MAT-12; 15) Kraeuselisporites linearis (Cookson et Dettmann) Dettmann 1963, MAT-4; 

16) Laevigatosporites ovatus Wilson et Webster 1946, MAT-18. Scale bar is 20 μm. 

 

Plate III. Representative pollen and aquatic palynomorphs of the Ma’antang Formation at 

Ma’antang section. 1) Lueckisporites triassicus Clarke 1965, MAT-23; 2) 

Protohaploxypinus sp., MAT-17; 3) Granosaccus ornatus (Pautsch) Pautsch 1973, MAT-

2; 4-5) Verrusaccus sichuanensis Lu et Wang 1980, 4. MAT-23, 5. MAT-2; 6) 

Alisporites parvus De Jersey 1962, MAT-23; 7) Pinuspollenites divulgatus (Bolkh.) Qu 

1980, MAT-19; 8) Chasmatosporites major Nilsson 1958, MAT-2; 9) Ovalipollis ovalis 

Krutzsch 1955, MAT-13; 10) Cycadopites follicularis Wilson et Webster 1946, MAT-19; 

11) Cycadopites granulatus (De Jersey) De Jersey 1964, MAT-14; 12) Ricciisporites 

tuberculatus Lundblad 1954, MAT-4; 13-14) Caytonipollenites pallidus (Reissinger) 

Couper 1958, 13. MAT-15, 14. MAT-17; 15) Veryhachium sp., MAT-2; 16-17) 

Micrhystridium sp., 16. MAT-3, 17. MAT-2; 18) Baltisphaeridium sp. MAT-2; 19) 

Foraminiferal test lining, MAT-14. Scale bar is 20 μm. 

 

Table 

Table 1. Botanical affinity, SEG and ecological remarks of the identified spores and 

pollen at the Ma’antang Section, Jiangyou of Sichuan, SW China. 
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Table S1. Original palynological data of the Ma’antang Formation from the Ma’antang 

Section, Jiangyou of Sichuan, SW China. 
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Table 1. Botanical affinity, SEG and ecological remarks of the identified spores and 

pollen at the Ma’antang Section, Jiangyou of Sichuan, SW China 

Sporo-pollen genera Botanical affinity SEGs Ecology 

Concavisporites fern (Dipteridaceae/Matoniaceae) wet Lowland hygrophyte 

Dictyophyllidites fern (Dipteridaceae/Matoniaceae) wet Lowland hygrophyte 

Cyathidites fern (Dipteridaceae/Dicksoniaceae) wet Lowland hygrophyte 

Deltoidospora fern (Dipteridaceae/Dicksoniaceae) wet Lowland hygrophyte 

Granulatisporites fern (Dipteridaceae) wet Lowland hygrophyte 

Lunzisporites fern (Dipteridaceae) wet Lowland hygrophyte 

Conbaculatisporites fern (Dipteridaceae) wet Lowland hygrophyte 

Baculatisporites fern (Osmundaceae/Dipteridaceae) wet Lowland hygrophyte 

Biretisporites fern (Osmundaceae) wet Lowland hygrophyte 

Osmundacidites fern (Osmundaceae) wet Lowland hygrophyte 

Punctatisporites fern (Osmundaceae/Marattiales) wet Lowland hygrophyte 

Cyclogranisporites fern (Osmundaceae/Marattiales) wet Lowland hygrophyte 

Angiopteridaspora fern (Marattiales) wet Lowland hygrophyte 

Marattisporites fern (Marattiales) wet Lowland hygrophyte 

Laevigatosporites fern (Marattiales) wet Lowland hygrophyte 

Asseretospora fern (Pteridaceae) wet Lowland hygrophyte 

Planisporites fern wet Lowland hygrophyte 

Klukisporites fern wet Lowland hygrophyte 

Canalizonospora fern wet Lowland hygrophyte 

Kyrtomisporis fern wet Lowland hygrophyte 

Habrozonosporites fern wet Lowland hygrophyte 

Araucariacites conifer (Araucariaceae) wet Lowland intermediate 

Cerebropollenites conifer (Taxodiaceae) wet Lowland intermediate 

Monosulcites cycadophytes/ginkgophytes dry Lowland intermediate 

Chasmatosporites cycadophytes/ginkgophytes dry Lowland intermediate 

Cycadopites cycadophytes/ginkgophytes dry Lowland intermediate 
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Caytonipollenites seed fern River hygrophyte? 

Alisporites seed fern River hygrophyte? 

Protohaploxypinus seed fern River hygrophyte? 

Calamospora horsetail River hygrophyte 

Anapiculatisporites lycopsid River hygrophyte 

Acanthotriletes lycopsid River hygrophyte 

Neoraistrickia lycopsid River hygrophyte 

Leptolepidites lycopsid River hygrophyte 

Uvaesporites lycopsid River hygrophyte 

Lycopodiacidites lycopsid River hygrophyte 

Lycodiumsporites lycopsid River hygrophyte 

Camarozonosporites lycopsid River hygrophyte 

Densoisporites lycopsid River hygrophyte 

Kraeuselisporites lycopsid River hygrophyte 

Aratrisporites lycopsid River hygrophyte 

Sphagnumsporites moss River hygrophyte 

Annulispora moss River hygrophyte 

Polycingulatisporites moss River hygrophyte 

Limatulasporites moss River hygrophyte 

Pinuspollenites conifer (Pinaceae) Hinterland xerophyte 

Cedripites conifer (Pinaceae) Hinterland xerophyte 

Taeniaesporites conifer (Podocarpaceae) Hinterland xerophyte 

Quadraeculina conifer (Podocarpaceae) Hinterland xerophyte 

Podocarpidites conifer (Podocarpaceae) Hinterland xerophyte 

Protopinus conifer (Podocarpaceae) Hinterland xerophyte 

Paleoconiferus conifer (Podocarpaceae) Hinterland xerophyte 

Protopodocarpus conifer (Podocarpaceae) Hinterland xerophyte 

Piceites conifer (Podocarpaceae) Hinterland xerophyte 

Protopicea conifer (Podocarpaceae) Hinterland xerophyte 
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Ovalipollis conifer (Voltziales) Hinterland intermediate 

Lueckisporites conifer Hinterland xerophyte 

Granosaccus conifer Hinterland xerophyte 

Verrusaccus conifer Hinterland xerophyte 

Ricciisporites indetermined gymnosperm NA NA 

NA=not attributed. 
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Highlights 

 

First quantitative CPE palynological data from South China 

Palynological analysis reveal increased humidity during the Julian 2 in western 

Sichuan Basin 

Correlation between eastern and western Tethys based on the palynological and 

carbon isotope data 
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